In this study, the ternary Ni-P-Sn alloy coatings were prepared using electroless plating, and the effect of tin element on amorphous formation and anticorrosive properties of deposits in different corrosion medium were investigated. The different tin contents in deposits could be obtained by adjusting the amount of NaSnO 3 Á3H 2 O in plating bath. The X-ray results indicate that the small amount of tin addition can improve the formability of the amorphous phase. At the same time, the hardness of deposit decreases and the crystalline temperature shifts to lower temperature with increasing amount of Sn. The electrochemical corrosive experiments of deposits resulted that the addition tin improves the anticorrosion property in 3.5 mass% NaCl solution, but reduces the anticorrosion ability in sulfuric acid solution.
Introduction
The electroless Ni-P deposit have attracted much attention of many researchers due to their unique properties, such as the corrosion resistance, wear resistance, paramagnetic characteristic, hardness and the electro catalytic activity of hydrogen evolution. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] In order to extend the properties of electroless Ni-P coating, the ternary nickel alloys were developed by co-deposition technology, in which the second metal salts were added to nickel solution, such as tungsten (W), 2, [21] [22] [23] [24] [25] [26] [27] [28] [29] chromium (Cr), [30] [31] [32] [33] molybdenum (Mo), [34] [35] [36] copper (Cu), [37] [38] [39] [40] [41] [42] tin (Sn). [43] [44] [45] Among of these ternary Ni-P-X alloys, the Ni-P-Sn alloy is reported having excellent corrosion resistance, heat-resistance and weldability. 44, 45) It was reported that the addition of tin to Ni-P binary alloys could improve the formability of the amorphous phase. 45) Although the corrosion resistance of Ni-P-Sn amorphous deposits is as good as that of stainless steel, the adding tin to Ni-P deposits does not usually improve the corrosion resistance than that of binary Ni-P, in which the amount of adding tin is about 0.7-10.4 at%. It was reported that the ternary Ni-Sn-P coating exhibited better corrosion resistance than Ni-P coating when the electrochemical analysis was tested in 10% HCl solution, 44) in which the ternary Ni-Sn-P coating contained 2.48 mass% tin. From these literature, it can be seen that the reports about corrosion resistance of Ni-P-Sn coating is not consistent. The possible reasons may be the difference of coating composition and the corrosive medium.
In the present work, we studied the effect of small amount tin (<1 mass%) on the properties of electroless Ni-P-Sn coating. Besides the phase structure, microhardness, thermal stability of these Ni-P-Sn coatings, the electrochemical corrosion behavior in different corrosive medium (H 2 SO 4 and NaCl solution) were mainly investigated.
Experimental
Substrates for electroless plating Ni-P-Sn alloys were made of low carbon steel and had a size of 15 Â 15 Â 3 mm. The substrates were cleaned and polished before plating. Nickel sulphate is used as source of nickel, and sodium hypophosphite is used as reducing agent. NaSnO 3 Á3H 2 O was added to the bath as the source of tin. Lactic acid and glycin were used as complexing agents. According to the difference of the amount NaSnO 3 Á3H 2 O addition, four kinds of coatings with different Sn amount were obtained. The composition of the electroless solutions and operating conditions of baths were listed in Table 1 . The samples were plated in the electroless bathing for 2 h at the specified temperature. The structure of the deposits was determined by X-ray diffractometer with Cu K radiation. The scanning rate and scanning step were fixed at 4 /min and 0.02 , respectively. Surface morphology was observed by a JXA-840 scanning electron microscopy (SEM). The micro-zone composition was investigated by using electro probe microanalysis (EPMA) which is attached to the SEM. The microhardness measurements were carried out under a load of 50 g. The differential thermal analysis (DTA) was employed to study the crystallization behavior of these deposits. The scraped 10-20 mg sample was placed in a Pt-crucible and Al 2 O 3 was used as a reference material. Measurements were done in the temperature range of 25-600 C at a heating rate of 40 C/min in a protective atmosphere of flowing high purity nitrogen gas. To investigate the corrosion resistance and possible passive behavior of these deposits, electrochemical measurements were carried out at a scan rate of 4 mv/s on Electrochemical Station (PARSTAT2273A, USA). The electrolytes used were 5% sulfuric acid solution (H 2 SO 4 ) and 3.5% sodium chloride (NaCl solution), respectively.
Results and Discussion

Micrograph and phase structure of coatings
The surface morphology of Ni-P-Sn deposits was observed by using SEM. Figure 1 shows the SEM micrograph of these deposits. All these surface morphology of Ni-P-Sn deposits showed the similar spherical nodular structure and one big nodule including many fine nodule. Although nodular formation is a common feature of electroless Ni-P-Sn coating, the morphology of these samples obtained in bath with the different amount of NaSnO 3 Á3H 2 O showed some difference. It also can be seen the slight difference that the boundary between fine nodule in one big nodule is disappeared gradually with the increasing of the amount of NaSnO 3 Á3H 2 O in plating bath, as showed in Fig. 1 (a)-(d) marked by circle. Nodular deposition in a coating depends on nucleation rate and the growth of the deposit. 21) These SEM observation indicated obviously that the amount of NaSnO 3 Á3H 2 O in plating bath will affect the nucleation rate and growth of the deposit.
In order to clarify the effect of the amount of NaSnO 3 Á3H 2 O in plating bath on composition of these coating, the composition for multi-region was analyzed in every sample by using EPMA, and the average results about phosphorus and tin content for every sample were summarized in Fig. 2 . From this figure, it can be seen that not only the content of tin in deposit is increased with the increasing of the amount of NaSnO 3 Á3H 2 O in plating bath, but also the phosphorus content increasing. This indicated the addition of NaSnO 3 Á3H 2 O in plating bath has the effect of prompting the co-deposition with phosphorus. The introduction of tin in the deposits seems to increase the nucleation rate of the deposit. This could be a reason that the boundary of fine nodule in one big nodule became not obvious with the increasing of tin in deposit. The nodular size will become fine with the increase of nucleation rate.
XRD results of these deposits were shown in Fig. 3 . All these samples indicate the amorphous characteristic which only a broader pattern was observed. However, it also can be noticed that the diffraction peak of sample 1 is sharper than that of others, and full width at half maximum (FWHM) of these samples are different. The width of patterns show the broad trend with the increasing of tin content. The full width at half maximum (FWHM) of sample 1, 2, 3 and 4 is 1.468, 2.289, 2.918 and 3.414 , respectively. This means the degree of amorphous state about these samples is different. For sample 1 with sharper pattern, the matrix includes some nanocrystalline phase than other samples. In our previous report, 46) we reported the microstructure of deposit is a mixture of amorphous phase and nanocrystalline phase when the phosphorus content is about 8 mass% in the similar technology condition. In other word, the microstructure of binary Ni-P deposit with 7-8 mass%P is still included some nanocrystalline phase using the same electroless plating technology. Compared with the present results, it has obvious effect that the addition of tin could promote the formation of amorphous phase. Figure 4 shows the micro-hardness of these electroless Ni-P-Sn deposits. It was shown that hardness of Ni-P-Sn deposits decreased with the increasing of Sn contents. The difference between the maximum value and minimum value is about 140 Hv. This can be attributed to the strength rule of nanocrystalline, the nanocrystalline phase amount decreases with the addition of tin. Figure 5 shows the differential thermal analysis (DTA) results of these deposits. From this figure, it can be seen that the main exothermic peak shift the lower temperature from sample 1 to 4. This means the crystalline temperature is decreased with the increasing of tin. Because the addition of tin promoted the amorphazition and decreased the amount of nanocrystalline phase. The nanocrystalline phase which has ordered structure is more stable than the amorphous matrix whose atomic arrangement is disorder, and these stable nanocrystalline phases inhibit movement of some Ni or P atoms in amorphous matrix, so the disorder amorphous atoms need higher temperature to finish the crystalline process. The introducing of tin atoms prompts the amorphazition and decreased the amount of nanocrystalline phase, so these disordered atoms easily move and aggregate to form ordered cluster. Figure 6 shows the polarization curves of the these Ni-PSn deposits measured in a 5% sulfuric acid solution. The values of the corrosion potential E corr and the corrosion current density i corr were calculated from the intersection of the Tafle curves extrapolated from the potentiodynamic polarization curves. The values of the polarization resistance R p were calculated from the linear polarization. The calculated results were summarized in Table 2 . From this table, it shows several features. First, the sequence of deposits with respect to a less negative E corr is: sam- Effect of Tin Addition on the Properties of Electroless Ni-P-Sn Ternary Depositsple 4 < sample 3 < sample 2 < sample 1. Second, the sequence of deposits with respect to decrease in corrosion current (i corr ) is: sample 4 > sample 3 > sample 2 > sample 1. Third, the polarization resistance R p is decreased from sample 1 to 4. The positive shift in E corr , i corr and R p indicated the decreasing of anticorrosive property with the increasing of tin content in the sulfuric acid solution. Figure 7 shows the polarization curves of the these Ni-PSn deposits measured in a 3.5 mass% NaCl solution. The calculated E corr , i corr and R p about the polarization results are summarized in Table 3. Compared with Table 2 , these results showed the reverse trend, that is, the anticorrosive property of Ni-P-Sn deposits is increased with the addition of tin in a 3.5 mass% NaCl solution.
Microhardness and thermal stability of coatings
Electrochemical corrosive properties of coatings
As above mentioned, it shows the effect of tin addition in Ni-P-Sn deposits on anticorrosive property is different in different corrosion medium solution. In the 5% H 2 SO 4 solution, the addition of tin shows the deterioration effect on anticorrosive property. However, it shows the increasing of anticorrosive property with the addition of tin in a 3.5 mass% NaCl solution. In previous study, it is pointed out that the corrosion behavior of electroless Ni-P coatings is governed by three principal factors, namely, the degree of amorphous state, extent of internal stress and percentage of phosphorus content.
18) The more literature also suggested the higher corrosive resistance of amorphous Ni-P coatings is due to their homogeneous structure and the absence of grain boundaries, dislocation, kink sites and other surface defects.
47) The addition of tin enhances the anticorrosive ability of Ni-P-Sn deposits for the attack of Cl À in NaCl solution, so it seems the increasing of the degree of amorphous state should improve the anticorrosive property. At least, it indicates the presence of Sn in the deposit do not the positive effect on the anticorrosive ability in NaCl solution. Unlike the addition of Cu in the deposit, it should reduce the anticorrosive ability of Ni-P deposits because of the easy formation of copper chloride complex in aqueous media. 19) But in the H 2 SO 4 solution, the increasing of degree of amorphous state does not increase the anticorrosive ability. Therefore, the degree of amorphous state is not the main reason about affecting the corrosion resistance. The corrosion resistance of any alloy depends on the speed of formation a surface protective film. In this study, it is thought the reason about the addition of tin reducing the anticorrosive ability in H 2 SO 4 solution is due to the tin element. The possible reason is the tin element on deposit surface is easily reacted with sulfate ion in H 2 SO 4 solution. This will add the surface defect of deposit after being reacted, and further corrosion will be developed along these surface defect. To have a better understanding of the mechanism about tin reducing the anticorrosive ability in sulfuric acid solution, further investigation is expected.
Conclusion
Ternary Ni-P-Sn alloy coatings were deposited using electroless plating, the deposits containing different tin contents could be obtained by adjusting the amount of NaSnO 3 Á3H 2 O in plating bath. The small amount of tin addition improves the formability of the amorphous phase. The degree of amorphous state increases with the increasing of Sn content. At the same time, the hardness of deposit decreases and the crystalline temperature shift the lower temperature with the increasing of Sn. The electrochemical corrosive experiments of deposits result that the adding tin improves the anticorrosion property in 3.5 mass% NaCl solution, but reduce the anticorrosion ability in sulfuric acid solution. Table 2 Corrosion potential E corr , corrosion current density i corr and polarization resistance R p for electroless Ni-P-Sn deposits in 5% sulfuric acid solution. Fig. 7 The polarization curves of the electroless Ni-P-Sn deposits in 3.5 mass% NaCl solution. Table 3 Corrosion potential E corr , corrosion current density i corr and polarization resistance R p for electroless Ni-P-Sn deposits in 3.5 mass% NaCl solution. 
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